Abstract-The deliberate introduction of K and Na into Cu(In, Ga)Se 2 (CIGS) absorbers was investigated by varying a combination of an SiO 2 diffusion barrier, coevaporation of KF with the CIGS absorber, and a KF postdeposition treatment (PDT). Devices made with no diffusion barrier and KF coevaporation treatment exhibited the highest photovoltaic conversion efficiency with the smallest overall distribution in key current density-voltage (J-V) performance metrics. Out-diffusion of Na and K from the substrate, KF coevaporation, and KF PDT all increased carrier concentration, open-circuit voltage, fill factor, and power conversion efficiency. Quantum-efficiency analysis of devices highlighted the greatest loss in the short-circuit current density due to incomplete absorption and collection. Secondary ion mass spectrometry illustrated the efficacy of the SiO 2 film as a sodium and potassium diffusion barrier, as well as their relative concentration in the absorber. Introduction of KF appeared to enhance diffusion of Na from the substrate, in agreement with previous studies.
mass spectrometry (SIMS) composition profiles [2] supported this explanation [3] . Most research on chalcopyrites utilizes either the three-stage coevaporation or a precursorchalcogenization deposition process, both of which establish pronounced Ga/(Ga+In) composition gradients throughout the absorber thickness. Here, Ga/(Ga+In) gradients were avoided to simplify the growth process and enhance reproducibility. The three-stage and chalcogenization processes were also avoided so that observations could not be attributed to altered cation profiles, as potassium can affect cation diffusion [4] , [5] .
II. EXPERIMENT
Substrates were 2-mm-thick soda-lime glass (SLG) with either ∼0.8 μm of sputtered Mo, or with 20-30 nm of a sputtered SiO 2 diffusion barrier (DB), to reduce Na and K out-diffusion from SLG, followed by 250 nm of sputtered Mo. Absorber films of ∼2 μm were deposited in a coevaporation system with Cu, In, Ga, KF, and Se source boats. Cu, Ga, and In deposition rates were controlled by electron impact emission spectroscopy signals. Se and KF deposition rates were controlled by separate quartz crystal monitors. Constant elemental evaporation rates were used to deposit on substrates that were preheated at 525°C, after which cation evaporation was terminated, and the substrate was cooled at 20°C/min. The Se molar flux was held at eight to ten times the total cation molar flux, and Se evaporation was continued until the substrate cooled to 300°C. KF evaporation rates less than or equal to 0.7Å/s were used to enhance control and reproducibility of the deposition process. The KF PDT was performed at ∼350°C after absorber growth, depositing 30-nm KF with Se coevaporation over 15 min, in accordance with previous reports of enhanced PV performance [1] , [2] , [4] , [6] - [12] . Film compositions had Cu/(Ga+In) of 0.76-0.86 and Ga/(Ga+In) of 0.23-0.37, as determined by X-ray fluorescence and previously detailed in [3] . Following previously reported procedures [1] , [2] , [4] , [6] , [10] - [15] , the KF PDT absorbers were rinsed for 4 min in 1.6 M NH 4 OH solution at 65°C prior to chemical bath deposition (CBD) of the CdS buffer, but this rinse was not used for absorbers with coevaporated KF. Solar cells were fabricated with 50 nm CdS, 100 nm i-ZnO, 120 nm Al:ZnO, 50 nm Ni, and 3 μm Al, as previously detailed [16] . Table I is a summary of the five alkali incorporation recipes investigated. Device recipes A and C are controls in the experiment. For each recipe investigated, approximately 100 devices were fabricated and tested.
Current density-voltage (J-V) measurements were performed under standard illumination conditions. Capacitance-voltage (C-V) curves (not shown) were measured with a frequency of 30 kHz. Quantum efficiency (QE) was calibrated with a c-Si Table I. reference cell. Reflection measurements were performed with a Perkin Elmer UV/VIS spectrometer utilizing an integration sphere and an 8°angle of incidence.
III. RESULTS AND DISCUSSION
C-V analysis indicated a bulk doping density of 5 × 10 14 , 1 × 10 16 , 1 × 10 16 , 2 × 10 16 , 2 × 10 16 cm −3 for devices A-E, respectively. These are all similar except for the combination of a DB (reducing sodium diffusion into the absorber) and no added KF [17] . [18] . Efficiency gains would be expected for optimal Ga/(Ga+In) grading (3.0% absolute [19] ), antireflective coating (1.1% absolute [9] ), increased growth temperature (0.5% absolute [18] ), and threestage processing.
The J-V curve for device A in Fig. 1 shows severe rollover and relatively low open-circuit voltage resulting from no intentional alkali incorporation and, consequently, low-doping density. Introduction of a KF PDT, as done for device B, mitigates the appearance of a rollover and improves open-circuit voltage.
In lieu of a KF PDT, device C was passivated with an alkaline diffusion through the SLG, resulting in a comparable J-V performance to device B. Device D was passivated with both techniques, resulting in a modest improvement in efficiency albeit with a reduction in repeatability; see Fig. 2(a)-(d) .
Device E was the highest efficiency device with a relatively small spread in device performance metrics among cells on the same substrate. This particular recipe employed both a novel KF coevaporation method as well as no alkali barrier present. When comparing the performance of device E to its experimental control, device C, significant improvements can be seen in overall device efficiency, indicating the bulk of device improvement is due to the KF coevaporation.
QE curves of devices A-E are plotted in Fig. 3 with their corresponding losses in J SC in Table II . Device band gaps of 1.2 eV, consistent with X-ray fluorescence (XRF) data, were estimated using the derivative of the measured QE curves. Maximum J SC values were calculated assuming a QE response of unity up to the estimated band gap. A minimum wavelength of 330 nm was used for integration of J SC values, and thus, no more than 0.1 mA/cm 2 was accounted for. Reflection accounts for a loss in J SC of approximately 1.7 mA/cm 2 , whereas the grid coverage, which is also independent of alkaline treatment, accounts for a loss of 1.3 mA/cm 2 . Total J SC loss was calculated by subtracting maximum theoretical J SC from integrated QE, thus, not accounting for losses from grid coverage. Devices A and E had the largest integrated photocurrent. The remaining three devices had a similar integrated photoresponse, primarily due to a significant loss from incomplete absorption and collection; see Table II. SIMS was performed on bare absorbers, and the K and Na profiles are plotted in Fig. 4 (prerinsed absorbers) and Fig. 5 (pre-and postrinsed absorbers) (a) and (b), respectively. The CIGS-free surface is located at 0 μm and the Mo signal was used to scale films to the same thickness. Fig. 4 demonstrates the effectiveness of SiO 2 as a DB, and incorporation of K and Na was reduced by several decades in the control film (recipe A), which is in qualitative agreement with C-V analysis. The discontinuity in K for the coevaporated sample near the middle of the film was also observed in that samples' Cu, Ga, and In profiles and is attributed to an unintended disruption in the relative cation fluxes for that particular growth. SIMS also revealed correlation between relative Na and K amounts and distribution; films with KF coevaporated (recipe E) had reproducibly greater Na and K compositions throughout the partially fabricated absorber, and films with a KF PDT (recipes B and D) had greater Na and K compositions near the surface. Na compositions integrated throughout the absorber thickness were also reproducibly greater in samples with KF added (recipes B, D, and E), relative to the baselines (recipes A and C). Only the KF PDT recipes (B and D) were rinsed before CBD [11] , and this rinse reduced the K and Na compositions near the surface (see Fig. 5 ). Recipe D also had reduced K and Na throughout the absorber thickness after a rinse. However, the rinse also decreased In signal by a similar amount, which reduced the certainty of this observation. A previous report of CIGS grown on Na 2 O-and K 2 O-containing enamels found very similar SIMS Na and K profiles in the CIGS film [5] . Another group observed reduced Na composition after a KF PDT, rinse, and CBD on alkali-free substrates [2] , [6] . They proposed that some chemical reaction favors K incorporation and Na removal [6] . Another report of a KF PDT on an alkali-free substrate found very similar Na and K profiles [10] . The overall Na composition was lower, but the surface Na composition was higher after the KF PDT and before a rinse. A fifth paper had decreased overall Na composition, with increased Na composition at the surface when only the KF PDT was performed on an SLG substrate, without the rinse or CBD [11] . A sixth article showed similar Na composition in CIGS on alkali-free substrates before and after KF PDT but before a rinse [12] . After the KF PDT and a rinse, however, the Na composition in the film dropped by an order of magnitude. The above literature data are all in agreement that chalcopyrite incorporation of K leads to the formation of some soluble Na-containing compound(s), as previously hypothesized [6] . The presently observed correlation between Na and K compositions and profiles is, therefore, in good agreement with the literature.
The different Na levels in recipes B and D did not affect the K amounts before the rinse, which is in agreement with a previous report where Na introduction had little or no effect on the subsequent sticking coefficient of KF during a PDT [12] .
IV. CONCLUSION
The primary conclusion is that potassium can be added to the CIGS absorber by coevaporation with a similar, or in this case larger, efficiency enhancement compared with its introduction through a PDT. KF PDT with a sodium DB increased the efficiency by about 2% and without the barrier about 1% from a higher base. The cells with coevaporated potassium had still higher efficiencies due to both voltage and fill factor. The bulk potassium SIMS profiles were similar whether the KF was added during or postdeposition, but the postdeposition KF showed an order of magnitude increase at the surface. The potassium concentration was about three orders of magnitude lower with a DB and no KF but only about one order without the diffusion barrier, implying that there is significant potassium in the glass. The sodium profiles were as expected, three orders of magnitude smaller with the diffusion barrier, but they increased at the surface when KF was employed, possibly implying sodium impurity in the KF. The results are consistent with the earlier hypothesis [6] that potassium is incorporated into the chalcopyrite releasing a soluble Na compound.
